Abstract Radiation-induced liver disease (RILD) is a major limitation of radiation therapy (RT) for the treatment of liver cancer. Emerging data indicate that hedgehog (Hh) signaling plays a central role in liver fibrosis and regeneration after liver injury. Here, we review the potential role of Hh signaling in RILD and propose the temporary use of Hh inhibition during liver RT to radiosensitize HCC tumor cells and inhibit their progression, while blocking the initiation of the radiation-induced fibrotic response in the surrounding normal liver.
Classic RILD
Radiation-induced liver disease (RILD) is a major limitation of radiation therapy (RT) for the treatment of liver cancer. Classic RILD presents with hepatomegaly, anicteric ascites, and alkaline phosphatase elevated out of proportion to other liver enzymes [1] , 1-3 months after liver RT. The pathological hallmark is that of venoocclusive disease (VOD) of the central and sublobular veins and centrilobular sinusoids [2, 3] . Morphologically, VOD is characterized by occlusion of the central vein lumen by erythrocytes trapped in a dense meshwork of reticulin and collagen fibers, with atrophy of centrilobular liver plates and loss of acinar zone 3 hepatocytes typically observed [2, 3] . Recently, the term sinusoidal obstructive syndrome (SOS) has been proposed as a better description of the pathology of liver injury seen after the administration of chemotherapy with or without RT [4] . In addition to endothelial cell damage, hepatic stellate cell activation is noted in patients with severe congestive changes of classic RILD [5] . Hepatic stellate cells have multiple functions, including modulating liver regeneration, secretion of lipoproteins, growth factors, and cytokines that play a key role in regulating inflammation and fibrosis. Of these cytokines, transforming growth factor-b (TGF-b) has been implicated in the perisinusoidal and hepatic fibrosis in RILD [6, 7] .
Non-classic RILD
Other liver toxicities seen following liver irradiation which have been termed ''non-classic RILD'' include a general decline in liver function, elevation of liver enzymes, and reactivation of viral hepatitis. In the nonclassic RILD syndromes, hepatocellular loss and dysfunction along with hepatic sinusoidal endothelial death and stellate cell activation have also been noted. In livers with regenerating hepatocytes as in cirrhotic livers, radiation can induce mitotic catastrophe and cell death of the regenerating hepatocytes thereby causing hepatocyte injury which manifests itself with markedly elevated serum transaminases ([5 times the upper limit of normal) within 3 months of completion of hepatic RT [8] . Additionally, loss of hepatocellular regeneration capacity has been noted to be a consequence of hepatic irradiation and may render the irradiated liver incapable of the compensation that prevents irreversible hepatic failure [9] . Similarly, patients with Hepatitis B Virus (HBV) carrier status have been shown to have an increased risk of this toxicity, compared to the non-carrier group. Chou et al. [10] demonstrated that the HBV reactivation is due to a bystander effect, whereby IL-6 is released from endothelial cells after irradiation, which acts upon infected hepatocytes to stimulate HBV replication. 
Hh signaling in the liver
Emerging data indicate that hedgehog (Hh) signaling plays a central role in liver fibrosis and regeneration after liver injury. Healthy livers express low levels of Hh ligands and relatively high levels of Hh interacting protein (Hhip) which binds to Hh ligands, preventing them from engaging receptors on Hh-responsive target cells [11] . During liver injury, production of Hh ligands increases and Hhip is repressed, permitting ligand-receptor interaction and activation of the Hh signaling pathway [12, 13] . Binding of Hh ligands to the patched receptor on Hh responsive cells prevent the repression of smoothened (SMO). This process, known as the canonical Hh signaling pathway (Fig. 1a) , affects the glioblastoma (GLI) family of transcription factors (GLI-3) which regulates the transcription of the Hh genes to influence cell viability, production and differentiation [11] . TGF-b and tumor necrosis factor-a (TNF-a) can modulate Hh signaling by promoting transcription of GLI transcription factors in a Hh and SMO independent manner [14, 15] . Many of the cell types required for liver repair and regeneration are Hh responsive, including hepatic stellate cells [16] , liver sinusoidal endothelial cells (LSECs) [17] , hepatocytes and bipotent liver progenitors [11] . Activation of Hh signaling stimulates quiescent hepatic stellate cells to transition to become myofibroblastic hepatic stellate cells through a Hh dependent epithelial-mesenchymal transition (EMT)-like process [11] . Conditionally inhibiting Hh signaling in myofibroblasts after partial hepatectomy not only decreased accumulation of myofibroblasts and fibrosis, it also blocked liver progenitor accumulation, inhibited regeneration of hepatocytes and cholangiocytes, suppressed repair of liver damage, and reduced recovery of liver mass [18] .
Hh signaling plays a significant role in the ''capillarisation'' of LSECs [17] . Healthy LSECs serve as a powerful scavenger system in the body. However, after liver injury but before development of fibrosis or hepatitis, LSECs undergo ''capillarisation'' which induces a change in the phenotype of LSECs to a vascular type with resulting defenestration, formation of an organized basement membrane and remodeling of the hepatic vasculature [19] . Once LSEC loses its phenotype, it promotes fibrosis as it loses its ability to inhibit the activation of hepatic stellate cells [20] . Inhibition of the Hh pathway can prevent capillarisation of LSECs both in vitro and in vivo [17] . Hh signaling pathway also plays a critical role in developing cancer stem cells leading to angiogenesis, migration, invasion, and metastasis. In one study, Hh signaling occurred in over 50 % of human HCC and the expression of GLI1 gene in tumor tissues significantly correlated with disease-free survival and overall survival [21] .
Hh signaling and radiation liver injury
Given the important role of Hh signaling in different models of liver injury and the role of Hh signaling in influencing the function of hepatic stellate cells, sinusoidal endothelial cells and hepatocytes, all of which play an important role in RILD, the study by Wang et al. [22] is significant in highlighting the role of Hh signaling in hepatic radiation injury. They hypothesized that the gender-specific expression of Hh signaling may explain the different responses to radiation liver injury seen between male and female C57Bl6 mice. Although, female patients are more sensitive to alcohol-induced liver injury [23, 24] , such an association has not been described in the RILD literature. The key finding of this study is that in contrast to male animals, female C57Bl6 mice had increased hepatic steatosis, apoptotic cells, and an increase in the number of Sox-9-positive and Pan-CK expressing cells (hepatic progenitor cells) in their livers in response to a single dose of hepatic irradiation of 6 Gy. Female mice, but not males, had an increase in the expression of Hh signaling molecules in their livers 1-week post irradiation. Interestingly, irradiation induced sonic Hh (SHH) but not Indian Hh (IHH) in female mice, suggesting a differential response of Hh ligands after liver injury. Finally, female mice had increased levels of TGF-b1, collagen a1 and N-cadherin in the liver, along with increased sinusoidal deposition of collagen fibrils at this time.
One of the limitations of using small animals as a model for RILD is that they do not develop the characteristic morphological changes of VOD seen in humans. Although various forms of RILD occur in small animals, whole-liver irradiation failed to produce VOD in rats [9] , dogs [25] and rhesus monkeys [26] . The only animal model to develop radiation dose-dependent VOD resembling classic human RILD has been recently shown in the cynomolgus monkey using high doses of whole liver hypofractionated RT [27] . In the study by Wang et al. [22] , even though the female mice receiving liver irradiation had increased peri-portal and peri-venous steatosis and increased peri-sinusoidal deposition of collagen fibrils, they still failed to show VOD and SOS. Another limitation of this study is the use of only a single relatively small dose for liver irradiation and a single follow up time of 1 week after irradiation for analysis. It is not clear that the changes seen 1 week after 6 Gy of liver irradiation would ultimately correlate with fibrosis and inhibition of regeneration. Additionally, even though male C57B16 mice compared to the female mice did not appear to exhibit any radiation changes 1 week following 6 Gy liver irradiation, it is likely that with higher dose and longer follow time the changes will be more obvious. Interestingly, the same authors recently showed that the male C57B16 mice receiving 6 Gy liver irradiation did indeed exhibit an increase in steatosis and increased Hh signaling, 6 and 10 weeks post irradiation [28] .
Despite these limitations, small animal models are essential in elucidating the mechanisms of RILD. The two studies by Wang et al. [22, 28] have described the correlation of radiation-induced Hh signaling with hepatic steatosis, progenitor expansion and fibrosis and also highlighted the potential role of gender in hepatic radiation injury in C57Bl6 mice (Fig. 1) . Similarly, a study by Leonard et al. [29] showed that GLI1 expression and Hh signaling pathway is activated in mouse embryonic fibroblasts and HEK293 cells activation after irradiation. However, when looking at tumor cells, irradiation of HCC cells caused the release of SHH ligand, activated Hh signaling but this protected the HCC cells against ionizing radiation [30] . Inhibition of Hh signaling in human colon carcinoma cells at the level of the GLI genes induced DNA damage in early S-phase, leading to cell death in human colon carcinoma cells [31] . Therefore, it appears that in normal, non-cancerous tissue, as in female C57Bl6 livers, embryonic mouse fibroblasts and HEK293 cells, activation of Hh signaling is associated with increased radiation injury, but in tumor cells, as in HCC and human colon carcinoma cells, increased Hh signaling led to increased radiation resistance and decreased cell death.
Can Hh inhibitors increase the therapeutic ratio of RT for the treatment of liver tumors?
Liver irradiation leads to loss of hepatocytes and nonparenchymal cell fractions leading to atrophy of the irradiated lobe and compensatory hypertrophy of the nonirradiated lobe. Following partial liver irradiation, shrinkage of the high-dose irradiated volume with a compensatory increase in liver volume is commonly seen on follow-up CT and MR imaging [32] . Hh signaling, through the canonical and non-canonical pathways (Fig. 1a) , could play a significant role in both of these responses by acting as a regulator of progenitor cell growth, while simultaneously promoting liver inflammation and fibrogenic response (Fig. 1b) . Additionally, Hh signaling also plays a significant role in HCC tumor progression. Therefore, inhibition of Hh signaling could represent a novel strategy to modulate the hepatic radiation response and cancer progression (Fig. 1b) .
Currently, there are a number of potential therapeutic agents that have been investigated to modulate Hh signaling pathways mostly by inhibiting SMO, with promising clinical trial results in cancers that harbor activating mutations of the Hh pathway [15, 33, 34] . Moreover, the five SMO inhibitors with available clinical data to date have been well tolerated [15] . The most common reported adverse events were mild-moderate dysgeusia, muscle spasms, alopecia, anorexia and fatigue [15] . Only one study reported dose limiting hepatic toxicity in two patients [35] . One of the patients had a history of hepatitis C and alcohol use and experienced asymptomatic grade 3 AST elevation and grade 2 ALT elevation after receiving the highest dose for 25 days. The second patient experienced an asymptomatic grade 3 ALT elevation which resolved when study drug was held [35] .
Given the potential for hepatic toxicity in patients with impaired liver function, caution should be exercised in optimizing the dose and timing of treatment with Hh inhibitors as prolonged use of these agents might interfere with the compensatory regeneration after hepatic radiation injury. Therefore, we propose the use of temporary Hh inhibition during liver RT to radiosensitize HCC tumor cells and inhibit their progression, while blocking the initiation of the radiation-induced fibrotic response in the surrounding normal liver. The timing and modulatory effect of Hh inhibition should be explored in carefully designed pre-clinical and clinical trials to allow for improvements in patient outcomes.
In summary, RILD remains a major limiting factor in the treatment of liver cancers with RT. Understanding the mechanisms of RILD and developing methods to ameliorate against it will be important in the future. Given the significant role of Hh signaling in liver fibrosis, regeneration after liver injury and cancer progression, further studies are needed to explore the potential role of Hh signaling pathway inhibition in improving the therapeutic effects of radiotherapy for patients with liver cancer.
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